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(54) Tide: METHODS FOR DETECTING ACTIVATION OF T-CELLS BY MHC BINDING PEPTIDES 



^5 (57) Abstract: The present invention is based on the discovery that MHC monomers immobilized to a solid surface are capable 
^ of activating T-cells that recognize specific peptides in the context of MHC Class I or Class II molecules. Methods for detecting 
^ T-cells responding to MHC monomers, and methods for measuring the frequency of specific and activated T-cells m a heterogeneous 
^ population are provided. The present invention also provides systems and kits useful for conducting the methods of the present 
invention. 
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METHODS FOR DETECTING 
ACTIVATION OF T-CELLS BY MHC BINDING PEPTIDES 

FIELD OF THE INVENTION 

[0001] This invention relates generally to the field of immunoassays, especially using 
immunoassays to detect and measure activation of T-cells with a recombinant HLA monomer 
in a solid phase format. 

BACKGROUND OF THE INVENTION 

[0002] The Class I histocompatibility ternary complex consists of three parts associated by 
noncovalent bonds. A transmembrane protein, called the MHC heavy chain is mostly 
exposed at the cell surface. The cell surface domains of the MHC monomer contain two 
segments of alpha helix that form two ridges with a groove between them. A short peptide 
binds noncovalently ("fits") into this groove between the two alpha helices, and a molecule of 
beta-2 microglobulin binds noncovalently along side the outer two domains of the MHC 
monomer, forming a ternary complex. Peptides that bind noncovalently to one MHC subtype 
monomer usually will not bind to another subtype. However, all bind with the same type of 
beta-2 microglobulin. MHC monomers are synthesized and displayed by most of the cells of 
the body. 

[0003] In humans, MHC molecules are referred to as HLA molecules. Humans synthesize . 
three different sub-types of MHC molecules designated HLA-A, HLA-B and HLA-C, 
differing only in the heavy chains. 

[0004] The MHC monomer works coordinately with a specialized type of T-cell (the 
cytotoxic T-cell) to rid the body of "nonself * or foreign viral proteins. The antigen receptor 
on T-cells recognizes an epitope that is a mosaic of the bound peptide and portions of the 
alpha helices of the monomer making up the groove flanking it. Following generation of 
peptide fragments by cleavage of a foreign protein, the presentation of peptide fragments by 
the MHC monomer in the ternary complex allows for MHC -restricted cytotoxic T-cells to 
survey cells for the expression of "nonself ' or foreign viral proteins. A functional T-cell will 
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exhibit a cytotoxic immune response upon recognition of an MHC monomer containing 
bound antigenic peptide for which the T-cell is specific. 

[0005] In the performance of these functions in humans, HLA-A B, and C monomers 
interact with a multitude of peptides of about 8 to about 10, possibly about 8 to about 11, or 
about 8 to about 12 amino acids in length. Only certain peptides bind into the binding pocket 
in the monomer of each HLA sub-type as the monomer folds, although certain subtypes 
cross-react. By 1995, complete coding region sequences had been determined for each of 43 
HLA-A, 89 HLA-B and 11 HLA-C alleles (P. Parham et al., Immunology Review 143:141- 
180, 1995). 

[0006] Class II histocompatibility molecules consist of two transmembrane polypeptides that 
interact to form a groove at their outer end which, like the groove in class I molecules, non- 
covalently associates with an antigenic peptide. However, the antigenic peptides bound to 
class II molecules are derived from antigens that the cell has taken in from its surroundings. 
In addition, peptides that bind to class II histocompatibihty molecules are 1 5 to about 30 
amino acids in length. Only cells, such as macrophages and B lymphocytes, that specialize in 
taking up antigen from extracellular fluids, express class II molecules. 

[0007] It has long been thought that discovery of which antigen fragments will be recognized 
by class I MHC-restricted T-cells can lead to development of effective vaccines against 
cancer and viral infections. A number of approaches have been developed wherein 
algorithms are used to predict the amino acid sequence of HLA A, B, or C-binding peptides 
and several are available on the internet. For example, U.S. Patent No. 6,037,135 describes a 
matrix-based algorithm that ranks peptides for likelihood of binding to any given HLA-A 
allele. Similarly, most prediction methods are limited to a set of alleles. Consequently, the 
predicted peptides may not bind to MHC monomers from a whole population of patients and 
thus may not be globally effective. 

[0008] Another approach to identifying MHC-binding peptides uses a competition-based 
binding assay. All competition assays yield a comparison of binding affinities of different 
peptides. However, such assays do not yield an absolute dissociation constant since the result 
is dependent on the reference peptide used. 



WO 2005/010026 



PCT/US2004/023898 



3 

[0009] Still another approach used for determining MHC-binding peptides is the classical 
reconstitution assay, in which cells expressing an appropriate MHC allele are "stripped" of a 
native binding peptide by incubating at pH 2-3 for a short period of time. Then, to determine . 
the binding affinity of a putative MHC-binding peptide for the same MHC allele, the MHC 
monomer stripped of its binding peptide is combined in solution with the putative 
MHC-binding peptide, beta2-microglobulin and a conformation-dependent monoclonal 
antibody. The difference in fluorescence intensity determined between cells incubated with 
and without the test binding peptide after labeling, for example, either directly with the 
labeled monoclonal antibody or a fluorescence-labeled secondary antibody, can be used to 
determine binding of the test peptide. However, soluble MHC monomers stripped at low pH 
aggregate immediately, making their use in high through-put assays difficult and impractical. 

[0010] There are currently a series of in vitro assays for cell mediated immunity which use 
cells from the host both as the substrate cell that initiates or stimulates the reaction for which 
the assay has been developed and as the target to assess cell mediated immunity. These in 
vitro assays include the cytotoxic T lymphocyte assay; cytokine production assay (Salio et 
al., Eur. J. Immunol. 33: 1052-1062, 2003 and Carrabba et al, Cancer Research 63: 1560- 
1567, 2003) lymphoproliferative assays, e.g., tritiated thymidine incorporation; the protein 
kinase assays, the ion transport assay and the lymphocyte migration inhibition function assay 
, (Hickling, J. K. et al, J. Virol., 61: 3463 (1987); Hengel, H. et al, J. Immunol., 139: 4196 
(1987); Thorley-Lawson, D. A. et al, Proc. Natl. Acad. Sci. USA, 84: 5384 (1987); Kadival, 
G. J. et al, J. Immunol., 139: 2447 (1987); Samuelson, L. E. et el, J. Immunol., 139: 2708 
(1987); Cason, J. et al, J. Immunol. Meth., 102: 109 (1987); and Tsein, R. J. et al, Nature, 
293: 68 (1982)). These assays are disadvantageous in that they may lack true specificity for 
cell mediated immunity activity, they require antigen processing and presentation by an APC 
of the same MHC type, they are slow (sometimes lasting several days), and some are 
subjective and/or require the use of radioisotopes. 

[0011] Yet another approach to identifying MHC class I-binding peptides utilizes formation 
of MHC tetramers, which are complexes of four MHC monomers with streptavidin, a 
molecule having tetrameric binding sites for biotin, to which is bound a fluorochrome, e.g., 
phycoerythrin. For class I monomers, soluble subunits of p2-microglobulin, the peptide 
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fragment containing a putative T-cell epitope, and a MHC heavy chain corresponding to the 
predicted MHC subtype of the peptide fragment of interest, are obtained, for example, by 
recombinant expression of polynucleotides encoding these polypeptides in host-cells. Each of 
the four monomers contained in the MHC tetramer is produced as a monomer by refolding 
these soluble subunits under conditions that favor assembly of the soluble units into 
reconstituted monomers, each containing a beta2-microglobulin, a peptide fragment, and the 
corresponding MHC- heavy chain. An MHC tetramer is constructed from the monomers by 
biotinylation of the monomers and subsequent contact of the biotinylated reconstituted 
monomers with fluorochrome-labeled streptavidin. When contacted with a diverse 
population of T-cells, such as is contained in a sample of the peripheral blood lymphocytes 
(PBLs) of a subject, those tetramers containing reconstituted monomers that are recognized 
by a T-cell in the sample will bind to the matched T-cell. Contents of the reaction is analyzed 
using fluorescence flow cytometry, to determine, quantify and/or isolate those T-cells having 
a MHC tetramer bound thereto. MHC-binding peptides are found in those tetramers that are 
recognized by T-cells. (See U. S. Patent No. 5,635,363). 

[0012] At least one other test is required to determine whether a test peptide recognized by a 
T-cell by the MHC tetramer assay will activate the T-cell to generate an immune response. 
The enzyme-linked immunospot (ELISpot) assay has been adapted for the detection of 
individual cells secreting specific cytokines or other antigens by attachment of a monoclonal 
antibody specific for a cytokine to a coating on a microplate. Cells stimulated by an antigen 
are contacted with the immobilized antibody. After washing away cells and any unbound 
substances, a tagged polyclonal antibody specific for the same cytokine is added to the wells. 
Following a wash, a colorant that binds to the tagged antibody is added such that a blue-black 
colored precipitate (or spot) forms at the sites of cytokine localization. The spots can be 
counted manually or with automated ELISpot reader system to quantitate the response. A 
final confirmation of T-cell activation by the test peptide may require in vivo testing. Thus, 
the route to final confirmation of the efficacy of a MHC-binding peptide is expensive and 
time consuming. 

[0013] It has been shown previously that T-cells, expressing the appropriate TCR, either CD4 
or CD8, can be activated by a peptide-HLA monomer complex. T-cell activation can be 
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detected measuring either the release of secreted factors, mobilization of intracellular calcium 
or by measuring T-cell proliferation ( 3 H Thymidine, CFSE (carboxyfluorescein diacetate 
succinimidyl ester)) or cell surface Teceptor (e.g. CD25, CD69 etc.) expression. Interferon 
gamma represents the most common measured released soluble factor after T-cell activation. 
Several techniques exist in the art for detection of soluble factors: the most common are 
ELISA, ELISPOT and detection of intracellular cytokines by flow cytometry or other 
methods. However, these techniques have some limitations. Detection of peptide-activation 
and IFN gamma production by ELISPOT can induce a bias because peptides can bind to any 
of the six alleles expressed by the human cells presenting the peptide. ELISAs, on the other 
hand, are not very sensitive, thus limiting their use. ; 

[0014] Thus, there is still a need in the art for new and better systems and methods for 
preliminary assays identifying peptides that can functionally activate T-cells and for 
quantitating activated T-cells, for example in a sample containing a mixture of T-cells, such 
as a patient sample. 

SUMMARY OF THE INVENTION 

[0015] In one embodiment the invention provides methods for determining activation of a 
peptide-specific T-cell by a MHC-binding peptide by incubating under suitable conditions 
peptide-specific T-cells and a solid surface having attached thereto a plurality of MHC 
monomers or modified MHC monomers having the MHC-binding peptide bound thereto and 
a first antibody specific for a selected soluble T-cell activation factor. The incubation allows 
contact between the peptide-specific T-cells and the MHC-binding peptide and formation of 
an antibody-soluble factor complexes The antibody-soluble factor complexes obtained from 
the incubation are then contacted with a second antibody specific for the selected soluble 
factor that is tagged with a detectable label so as to allow formation of an antibody-soluble 
activation factor-antibody complex. A signal produced by the detectable label is then 
detected and indicates activation of the peptide-specific T-cells by the MHC-binding peptide. 

[0016] In another embodiment, the invention provides methods for determining activation of 
a peptide-specific T-cell by a MHC-binding peptide bound to an MHC monomer or modified 
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MHC monomer by incubating under suitable conditions peptide-specific T-cells and a solid 
surface having attached thereto a plurality of MHC monomers or modified MHC monomers 
having an MHC-binding peptide for which the T-cells are specific; and an antibody specific 
for a selected surface T-cell activation marker. The incubation allows formation of an 
antibody-surface activation marker complex on the surface of at least one of the T-cells. 
Activation of the peptide-specific T-cells by the MHC-binding peptide is indicated by 
detecting formation of the antibody-surface activation marker complex on T-cells obtained 
from the incubation. 

[0017] In still another embodiment, the invention provides methods for determining the 
presence in a peripheral blood mononucleocyte cell (PBMC)-containing sample of T-cells 
that are specifically activated by an epitope contained in an MHC-binding peptide. In this 
embodiment, the PBMCs are incubated under suitable conditions with MHC multimers 
having a bound MHC binding peptide and a first detectable label, so as to allow 
internalization of the MHC multimers by T-cells in the PBMCs that bind to the multimers. 
T-cells in the PBMCs that emit a signal produced by the first detectable label are detected, 
thereby identifying T-cells that specifically bind to an epitope in the MHC- binding peptide. 
Then the T-cells that specifically bind the MHC-binding peptide are further incubated with 
peptides or monomers bound onto a solid surface before staining with an antibody tagged 
with a second detectable label, wherein the antibody is specific for an intracellular T-cell 
activation marker so as to allow formation of an antibody-activation marker complex upon 
contact between the T-cells and the peptide. T-cells emitting the signals produced by both 
the first and the second detectable labels are identified as being specifically activated by an 
antigen contained in the MHC-binding peptide. 

[0018] In yet another embodiment, the invention provides kits useful in practice of the 
invention methods. The invention kits a solid surface, wherein the surface has attached 
thereto one or more MHC monomers, modified MHC monomers or multimers thereof, 
wherein the monomers contain a suitable MHC-binding peptide; and an antibody specific for 
a soluble T-cell activation factor or a surface T-cell activation marker. 



WO 2005/010026 



PCT/US2004/023898 



7 

BRIEF DESCRIPTION OF THE FIGURES 

[0019] Figs. 1A-1C schematically depict the invention methods for detection and measuring 
soluble factor released from T-cells upon activation. 

[0020] Fig. 2 is a graph showing detection of biotinylated-anti-TNF alpha antibody in 
monomer coated plates. 

[0021] Fig. 3 is a graph showing recognition of the TNF in monomer-coated plates and in 
anti-TNF coated plates using an ELISA format. 

[0022] Fig. 4 is a graph showing that production of TNF alpha by the cells stimulated by 
monomers A2/CMV was a function of the number of cells and the concentration of the 
monomer used as measured by ELISA. 

[0023] Fig. 5 is a graph showing production of Interferon gamma by the cells stimulated by 
monomers A2/CMV in Fig. 4 above. 

[0024] Fig. 6 is a graph showing production of TNF alpha by cells (10,000 cells/well) 
stimulated by monomers A2/CMV as measured by the invention cytokine capture assay. 

[0025] Fig. 7 is a graph showing a comparison of TNF alpha production after monomer-T- 
cell activation as measured using ELISA and the new capture assay method. 

[0026] Figs. 8A-D are a series of density plots showing the percentage of CD25+ CD8+ T- 
cells for positive control (Fig. 8 A); negative control (Fig. 8B); 1 OX peptide exchanged (Fig. 
8C); and 100X peptide exchanged monomers (Fig. 8D) as determined using the invention 
methods 

[0027] Figs. 9A-D are a series of density plots showing the percentage of A2-CMV+ CD8+ 
T-cells for positive control (Fig. 9A); negative control (Fig. 9B); 10X peptide exchanged 
(Fig. 9C); and 100X peptide exchanged monomers (Fig. 9D) as determined using the 
invention methods. 
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[0028] Figs. 10A-D are a series of density plots showing the percentage of activated 
(CD25+) CD8+ from PBMC in wells coated with positive control (Fig. 10A); negative 
control (Fig. 10B); 10X peptide exchanged (Fig. 10C); and 100X peptide exchanged 
monomers (Fig. 10D) as determined using the invention methods. 

[0029] Figs. 11A-D are a series of density plots showing the percentage of A2-CMV+ CD8+ 
T-cells from PBMC.in wells coated with positive control (Fig. 1 1 A); negative control (Fig. 
11B); 10X peptide exchanged (Fig. 11C); and 100X peptide exchanged monomers (Fig. 11D) 
as determined using the invention methods. 

[0030] Fig. 12 is a flow chart describing the Tetramer-Intracellular cytokine (ICC) assay. 

[0031] Figs. 13A-B are density plots showing the percentages of A2-CMV tetramerf* IFNy- 
and A2-CMV Tetramerf and IFNy+ cells from whole blood and PBMC of two donors in 
Tetramer-ICC Assay. 

DETAILED DESCRIPTION OF THE INVENTION 

[0032] In epitope discovery, one of the major questions is how to determine easily if a given 
peptide-MHC complex represents an epitope recognized by peptide-specific T-cells in patient 
samples. The present invention is based on the discovery that T-cells can be specifically 
activated with a recombinant HLA-Class I or Class II monomer or multimer in a microtiter 
plate format while also determining the degree of antigen-specific T-cell activation by 
measuring one or more released soluble T-cell activation factors selected from cytokines, 
chemokines, apoptotic factors, and the like, by antibody capturing released factors in the 
same plate. 

[0033] As used herein, the terms "MHC monomer" and "HLA monomer" refer to a Class I 
MHC heavy chain is assembled into a ternary complex with an appropriate MHC-binding or 
HLA-binding peptide and beta-2 microglobulin (beta-2m) or that maintains the ability to 
assemble under renaturing conditions. The terms "MHC monomer" and HLA monomer" are 
also used to refer to the denatured form of the monomer that results from subjecting the 
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ternary complex to denaturing conditions, causing the monomer to unfold and dissociate from 
an MHC-binding peptide. 

[0034] As used herein, the terms "modified MHC monomer" and "modified H1A monomer" 
refer to class I monomers as described above, but which have been engineered to introduce 
modifications as described below. These terms also encompass functional fragments of the 
MHC monomer that maintain the ability to assemble into a ternary complex with an 
appropriate MHC-binding or HLA-binding peptide and beta-2 microglobulin under 
renaturing conditions and to dissociate under denaturing conditions. For example, in a 
functional fragment the class I heavy chain can comprise only the ai, a 2 , a 3 , domains, or only 
oti, (X2 domains, i.e., the cell surface domains, that participate in formation of the ternary 
complex. In another embodiment, the class I heavy chain molecules in a modified MHC 
monomers, or functional fragments thereof, can be contained in a fusion protein or "single 
chain" molecule and may further include an amino acid sequence functioning as a linker 
between cell surface domains of the heavy chain, as a detectable marker, or as a ligand to 
attach the molecule to a solid surface that is coated with a second ligand with which the 
ligand in the fusion protein reacts. Moreover the terms "modified MHC monomer" and 
"modified HLA monomer" are intended to encompass chimera containing domains of class I 
heavy chain molecules from more than one species or from more than one class I subclass. 
For example, a chimera can be prepared by substitution of a mouse beta-2m for human beta- 
2m in a human HLA-A2 monomer. 

Preparation of monomers 

[0035] The Class I MHC in humans is located on chromosome 6 and has three loci, HLA-, 
HLA-B, and HLA-C. The first two loci have a large number of alleles encoding alloantigens. 
These are found to consist of a 44 Kd heavy chain subunit and a 12 Kd beta-2 -microglobulin 
subunit which is common to all antigenic specificities. For example, soluble HLA-A2 can be 
purified after papain digestion of plasma membranes from the homozygous human 
lymphoblastoid cell line J-Y as described by Turner, M. J. et al., J. Biol. Chem. (1977) 
252:7555-7567. Papain cleaves the 44 Kd heavy chain close to the transmembrane region, 
yielding a molecule comprised of a l5 ai, a* domains and beta-2 microglobulin. 
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[0036] The MHC monomers can be isolated from appropriate cells or can be recombinantly 
produced, for example as described by Paul et al, Fundamental Immunology, 2d Ed., W. E. 
Paul, ed., Ravens Press N.Y. 1989, Chapters 16-18) and readily modified, as described 
below. 

[0037] The term "isolated" as applied to MHC monomers herein refers to an MHC 
glycoprotein heavy chain of MHC class I, which is in other than its native state, for example,, 
not associated with the cell membrane of a cell that normally expresses MHC. This term 
embraces a full length subunit chain, as well as a functional fragment of the MHC heavy 
chain. A functional fragment is one comprising an antigen binding site and sequences 
necessary for recognition by the appropriate T-cell receptor. It typically comprises atleast 
about 60-80%, typically 90-95% of the sequence of the full-length chain. As described 
herein, the "isolated" MHC subunit component may be recombinantly produced or 
solubilized from the appropriate cell source. 

[0038] It is well known that native forms of "mature" MHC glycoprotein monomers will vary 
somewhat in length because of deletions, substitutions, and insertions or additions of one or 
more amino acids in the sequences. Thus, the heavy chain in MHC monomers are subject to 
substantial natural modification, yet are still capable of retaining their functions. Modified 
protein chains can also be readily designed and manufactured utilizing various recombinant 
DNA techniques well known to those skilled in the art and described in detail, below. For 
example, the chains can vary from the naturally occurring sequence at the primary structure 
level by amino acid substitutions, additions, deletions, and the like. These modifications can 
be used in a number of combinations to produce the final modified protein chain. 

[0039] In general, modifications of the genes encoding the MHC monomer may be readily 
accomplished by a variety of well-known techniques, such as site-directed mutagenesis. The 
effect of any particular modification can be evaluated by routine screening in a suitable assay 
for the desired characteristic. For instance, a change in the immunological character of the 
subunit can be detected by competitive immunoassay with an appropriate antibody. The 
effect of a modification on the ability of the monomer to activate T-cells can be tested using 
standard in vitro cellular assays or the methods described in the example section, below. 
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Modifications of other properties such as redox or thermal stability, hydrophobicity, 
susceptibility to proteolysis, or the tendency to aggregate are all assayed according to 
standard techniques. 

[0040] This invention provides amino acid sequence modification to subunits of MHC 
monomers prepared with various objectives in mind, including increasing the affinity of the 
subunit for antigenic peptides and/or T-cell receptors, facilitating the stability, purification 
and preparation of the subunits. The monomers may also be modified to modify plasma half 
life, improve therapeutic efficacy, or to lessen the severity or occurrence of side effects 
during therapeutic use of complexes of the present invention. The amino acid sequence 
modifications of the subunits are usually predetermined variants not found in nature or 
naturally occurring alleles. The variants typically exhibit the same biological activity (for 
example, MHC-peptide binding) as the naturally occurring analogue. 

[0041] Insertional modifications of the present invention are those in which one or more 
amino acid residues are introduced into a predetermined site in the subunit of the MHC 
monomer and which displace the preexisting residues. For instance, insertional modifications 
can be fusions of heterologous proteins or polypeptides to the amino or carboxyl terminus of 
the subunits. 

[0042] Other modifications, include fusions of the heavy chain with a heterologous signal 
sequence and fusions of the heavy chain to polypeptides having enhanced plasma half life 
(ordinarily>about 20 hours) such as immunoglobulin chains or fragments thereof as is known 
in the art. 

[0043] Substitutional modifications are those in which at least one residue has been removed 
and a different residue inserted in its place. Nonnatural amino acid (i.e., amino acids not 
normally found in native proteins), as well as isosteric analogs (amino acid or otherwise) are 
also suitable for use in this invention. 

[0044] Substantial changes in function or immunological identity are made by selecting 
substituting residues that differ in their effect on maintaining the structure of the polypeptide 
backbone (e.g., as a sheet or helical conformation), the charge or hydrophobicity of the 
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molecule at the target site, or the bulk of the side chain. The substitutions which in general 
are expected to produce the greatest changes in function will be those in which (a) a 
hydrophilic residue, e.g., serine or threonine, is substituted for (or by) a hydrophobic residue, 
e.g. leucine, isoleucine, phenylalanine, valine or alanine; (b) a cysteine or proline is 
substituted for (or by) any other residue; (c) a residue having an electropositive side chain, 
e.g., lysine, arginine, or histidine, is substituted for (or by) an electronegative residue, e.g., 
glutamine or aspartine; or (d) a residue having a bulky side chain, e.g., phenylalanine, is 
substituted for (or by) one not having a side chain, e.g., glycine. 

[0045] Substitutional modifications of the subunits also include those where functionally 
homologous (having at least about 70% homology) domains of other proteins are substituted 
by routine methods for one or more of the MHC subunit domains. Particularly preferred 
proteins for this purpose are domains from other species, such as murine species. 

[0046] Another class of modifications are deletional modifications. Deletions are 
characterized by the removal of one or more amino acid residues from the heavy chain 
sequence. Typically, the transmembrane and cytoplasmic domains are deleted. Deletions of 
cysteine or other labile residues also may be desirable, for example in increasing the 
oxidative stability of the MHC complex. Deletion or substitutions of potential proteolysis 
sites, e.g., ArgArg, is accomplished by deleting one of the basic residues or substituting one 
by glutaminyl or histidyl residues. 

[0047] A preferred class of substitutional or deletional modifications comprises those 
involving the transmembrane region of the subunit. Transmembrane regions of MHC heavy 
chain are highly hydrophobic or lipophilic domains that are the proper size to span the lipid 
bilayer of the cellular membrane. They are believed to anchor the MHC molecule in the cell 
membrane. Inactivation of the transmembrane domain, typically by deletion or substitution 
of transmembrane domain hydroxylation residues, will facilitate recovery and formulation by 
reducing its cellular or membrane lipid affinity and improving its aqueous solubility. 
Alternatively, the transmembrane and cytoplasmic domains can be deleted to avoid the 
introduction of potentially immunogenic epitopes. Inactivation of the membrane binding 
function is accomplished by deletion of sufficient residues to produce a substantially 
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hydrophilic hydropathy profile at this site or by substitution with heterologous residues which 
accomplish the same result. 

[0048] A principal advantage of the transmembrane-inactivated MHC monomer heavy chain 
is that it may be secreted into the culture medium of recombinant hosts. This variant is 
soluble in body fluids such as blood and does not have an appreciable affinity for cell 
membrane lipids, thus considerably simplifying its recovery from recombinant-cell culture. 
Typically, modified MHC monomers of this invention will not have a functional 
transmembrane domain in the heavy chain and preferably will not have a functional 
cytoplasmic sequence. Such modified MHC monomers will have a heavy chain consisting 
essentially of the effective portion of the extracellular domain of the heavy chain. In some 
circumstances, the heavy chain comprises sequences from the transmembrane region (up to 
about 10 amino acids), so long as solubility is not significantly affected. 

[0049] For example, the transmembrane domain may be substituted by any amino acijd 
sequence, e.g., a random or predetermined sequence of about 5 to 50 serine, threonine, lysine, 
arginine, glutamine, aspartic acid and like hydrophilic residues, which altogether exhibit a 
hydrophilic hydropathy profile. Like the deletional (truncated) heavy chain, these heavy 
chains are secreted into the culture medium of recombinant hosts. 

[0050] Glycosylation variants are included within the scope of this invention. They include 
variants completely lacking in glycosylation (unglycosylated) and variants having at least one 
. less glycosylated site than the native form (deglycosylated) as well as variants in which the 
glycosylation has been changed. Included are deglycosylated and unglycosylated amino acid 
sequence variants, deglycosylated and unglycosylated subunits having the native, unmodified 
amino acid sequence. For example, substitutional or deletional mutagenesis is employed to 
eliminate the N- or O-linked glycosylation sites of the subunit, e.g., the asparagine residue is 
deleted or substituted for by another basic residue such as lysine or histidine. Alternatively, 
flanking residues making up the glycosylation site are substituted or deleted, even though the 
asparagine residues remain unchanged, in order to prevent glycosylation by eliminating the 
glycosylation recognition site. Additionally, unglycosylated MHC monomers which have the 
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amino acid sequence of the native monomers are produced in recombinant prokaryotic cell 
culture because prokaryotes are incapable of introducing glycosylation into polypeptides. 

[0051] Glycosylation variants are conveniently produced by selecting appropriate host-cells 
or by in vitro methods. Yeast, for example, introduce glycosylation which varies significantly 
from that of mammalian systems. Similarly, mammalian cells having a different species (e.g., 
hamster, murine, insect, porcine, bovine or ovine) or tissue origin (e.g., lung, liver, lymphoid, 
mesenchymal or epidermal) than the MHC source are routinely screened for the ability to 
introduce variant glycosylation as characterized for example by elevated levels of mannose or 
variant ratios of mannose, fixcose, sialic acid, and other sugars typically found in mammalian 
glycoproteins. In vitro processing of the subunit typically is accomplished by enzymatic 
hydrolysis, e.g., neuraminidase digestion. 

[0052] MHC glycoproteins suitable for use in the present invention have been isolated from a 
multiplicity of cells using a variety of techniques including solubilization by treatment with 
papain, by treatment with 3M KC1, and by treatment with detergent. Vox example, detergent 
extraction of Class I protein followed by affinity purification can be used. Detergent can then 
be removed by dialysis or selective binding beads. The molecules can be obtained by 
isolation from any MHC I bearing cell, for example from an individual suffering from, a 
targeted cancer or viral disease. 

[0053] Isolation of individual heavy chain from the isolated MHC glycoproteins is easily 
achieved using standard techniques known to those skilled in the art. For example, the heavy 
chain can be separated using SDS/PAGE and electroelution of the heavy chain from the gel 
(see, e.g., Dornmair et al., supra and Hunkapiller, et al., Methods in Enzymol. 91:227-236 
(1983). Separate subunits from MHC I molecules are also isolated using SDS/PAGE 
followed by electroelution as described in Gorga et al. J. Biol. Chem. 262:16087-16094 
(1987) and Dornmair et al. Cold Spring Harbor Symp. Quant. Biol. 54:409-416 (1989) Those 
of skill will recognize that a number of other standard methods of separating molecules can 
be used, such as ion exchange chromatography, size exclusion chromatography or affinity 
chromatography. 
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[0054] Alternatively, the amino acid sequences of a number of Class I proteins are known, 
and the genes have been cloned, therefore, the heavy chain monomers can be expressed using 
recombinant methods. These techniques allow a number of modifications of the MHC 
monomers as described above. For instance, recombinant techniques provide methods for 
carboxy terminal truncation which deletes the hydrophobic transmembrane domain. The 
carboxy termini can also be arbitrarily chosen to facilitate the conjugation of ligands or 
labels, for example, by introducing cysteine and/or lysine residues into the molecule. The 
synthetic gene will typically include restriction sites to aid insertion into expression vectors 
and manipulation of the gene sequence. The genes encoding the appropriate subunits are 
then inserted into expression vectors, expressed in an appropriate host, such as E. colU yeast, 
insect, or other suitable cells, and the recombinant proteins are obtained. 

[0055] As the availability of the gene permits reaidy manipulation of the sequence, a second 
generation of construction includes chimeric constructs. The ai, <X2, a 3 , domains of the class I 
heavy chain are linked typically by the a 3 domain of Class I with beta-2 microglobulin and 
coexpressed to stabilize the complex. The transmembrane and intracellular domains of the 
Class I gene can optionally also be included. 

[0056] Construction of expression vectors and recombinant production from the appropriate 
DNA sequences are performed by methods known in the art. Standard techniques are used 
for DNA and RNA isolation, amplification, and cloning. Generally enzymatic reactions 
involving DNA ligase, DNA polymerase, restriction endonucleases, and the like, are 
performed according to the manufacturer's specifications. These techniques and various other 
techniques are generally performed according to Sambrook et al., Molecular Cloning-A 
Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y., 1989. The 
procedures therein are believed to be well known in the art. 

[0057] Expression can be in procaryotic or eucaryptic systems. Suitable eucaryotic systems 
include yeast, plant and insect systems, such as the Drosophila expression vectors under an 
inducible promoter. Procaryotes most frequently are represented by various strains of E. colL 
However, other microbial strains may also be used, such as bacilli, for example Bacillus 
subtilis, various species of Pseudomonas, or other bacterial strains. In such procaryotic 
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systems, plasmid vectors which contain replication sites and control sequences derived from 
a species compatible with the host are used. For example, E. coli is typically transformed 
using derivatives of pBR322, a plasmid derived from an E. coli species by Bolivar et al., 
Gene (1977) 2:95. Commonly used procaryotic control sequences, which are defined herein 
to include promoters for transcription initiation, optionally with an operator, along with 
ribosome binding site sequences, including such commonly used promoters as the B- 
lactamase (penicillinase) and lactose (lac) promoter systems (Change et al., Nature (1977) 
198:1056) and the tryptophan (trp) promoter system (Goeddel et al., Nucleic Acids Res. 
(1980) 8:4057) and the lambda-derived P L promoter and N-gene ribosome binding site 
(Shimatake et al., Nature (1981) 292:128). Any available promoter system compatible with 
procaryotes can be used. 

[0058] The expression systems useful in the eucaryotic hosts comprise promoters derived 
from appropriate eucaryotic genes. A class of promoters useful in yeast, for example, include 
promoters for synthesis of glycolytic enzymes, including those for 3-phosphoglycerate kinase 
(Hitzeman, et al., J. Biol. Chem. (1980) 255:2073). Other promoters include, for example, 
those from the enolase gene (Holland, M. J., et al. J. Biol. Chem. (1981) 256: 1385) or the 
Leu2 gene obtained from YEpl3 (Broach, J., et al., Gene (1978) 8: 121). A Drosophila 
expression system under an inducible promoter (Invitrogen, San Diego, CA) can also be used. 

[0059] Suitable mammalian promoters include the early and late promoters from SV40 
(Fiers, et al., Nature (1978) 273:1 13) or other viral promoters such as those derived from 
polyoma, adenovirus II, bovine papilloma virus or avian sarcoma viruses. Suitable viral and 
mammalian enhancers are cited above. 

[0060] The expression system is constructed from the foregoing control elements operably 
linked to the MHC sequences using standard methods, employing standard ligation and 
restriction techniques which are well understood in the art Isolated plasmids, DNA 
sequences, or synthesized oligonucleotides are cleaved, tailored, and religated in the form 
desired. 

[0061] Site-specific DNA cleavage is performed by treatment with the suitable restriction 
enzyme (or enzymes) under conditions which are generally understood in the art, and the 



WO 2005/010026 



PCT/US2004/023898 



17 

particulars of which are specified by the manufacturer of these commercially available 
restriction enzymes. In general, about 1 jig of plasmid or DNA sequence is cleaved by one 
unit of enzyme in about 20 \i\ of buffer solution; an excess of restriction enzyme may be used 
to insure complete digestion of the DNA substrate. After each incubation, the protein is 
removed by extraction with phenol/chloroform, and may be followed by ether extraction, and 
the nucleic acid recovered from aqueous fractions by precipitation with ethanol followed by 
running over a Sephadex G-50 spin column. If desired, size separation of the cleaved 
fragments may be performed. 

[0062] Restriction cleaved fragments may be blunt ended by treating with the large fragment 
of E. coli DNA polymerase I (Klenow) in the presence of the four deoxynucleotide 
triphosphates (dNTPs). After treatment withJQenow, the mixture is extracted with 
phenol/chloroform and ethanol precipitated followed by running over a Sephadex G-50 spin 
column. 

[0063] Synthetic oligonucleotides are prepared using commercially available automated 
oligonucleotide synthesizers. In the proteins of the invention, however, a synthetic gene is 
conveniently employed. The gene design can include restriction sites which permit easy 
manipulation of the gene to replace coding sequence portions with these encoding analogs. 

[0064] Correct ligations for plasmid construction can be confirmed by first transforming E. 
coli strain MM294 obtained from E. coli Genetic Stock Center, CGSC #6135, or other 
suitable host, with the ligation mixture. Successftd transformants can be selected by 
ampicillin, tetracycline or other antibiotic resistance or by using other markers depending on 
the mode of plasmid construction, as is understood in the art Plasmid from the transformants 
are then prepared, optionally following chloramphenicol amplification. The isolated DNA is 
analyzed by restriction and/or sequenced by the dideoxy method of Sanger, R, et al., Proc. 
Natl. Acad. Sci. USA (1977) 74:5463 as further described by Messing, et al., Nucleic Acids 
Res. (1981) 9:309, or by the method of Maxam, et al., Methods in Enzymology (1980) 
65:499. 

. [0065] The constructed vector is then transformed into a suitable host for production of the 
protein. Depending on the host-cell used, transformation is done using standard techniques 
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appropriate to such cells. The calcium treatment employing calcium chloride, as described by 
Cohen, S. N. f Proc. Natl. Acad. Sci. USA (1972) 69:21 10, or the RbCl method described in 
Maniatis, et al., Molecular Cloning: A Laboratory Manual (1982) Cold Spring Harbor Press, 
p. 254 is used for procaryotes or other cells which contain substantial cell wall barriers. For 
mammalian cells without such cell walls, the calcium phosphate precipitation method of 
Graham and van der Eb, Virology (1978) 52:546 or electroporation is preferred. 
Transformations into yeast are carried but according to the method of Van Solingen, P., et al., 
J. Bacter. (1977)130:946 and Hsiao, C. L., et al., Proc. Natl. Acad. Sci. USA (1979) 76:3829. 

[0066] The transformed cells are then cultured under conditions favoring expression of the 
MHC sequence and the recombinantly produced protein recovered from the culture. 

1 1 

MHC-binding Peptides 

[0067] It is believed that the presentation of antigen by the MHC glycoprotein on, the surface 
of antigen-presenting cells (APCs) occurs subsequent to the hydrolysis of antigenic proteins 
into smaller peptide units. The location of these smaller segments within the antigenic 
protein can be determined empirically. These MHC-binding peptides are thought to be about 
8 to about 10, possibly about 8 to about 1 1, or about 8 to about 15 residues in length, and 
contain both the agretope (recognized by the MHC molecule) and the epitope (recognized by 
T-cell receptor on the T-cell). The epitope is a contiguous or noncontiguous sequence of 
about 5-6 amino acids that is recognized by the antigen-specific T-cell receptor. .The 
agretope is a continuous or noncontiguous sequence that is responsible for binding of the 
peptide with the MHC glycoproteins. The invention provides kits, and assays for evaluating 
putative MHC-binding peptides, or a library of such peptides, to determine whether such 
fragments can activate a peptide-specific T-cell, for example when contained within a mixed 
population of T-cells, when incorporated into a ternary complex with an MHC monomer or 
modified MHC monomer. Optionally, the MHC monomers can be incorporated into MHC 
multimers, for example, MHC tetramers, for use in the invention assays and kits. 

[0068] Thus, the invention provides screening melhods to be used in screening of candidate 
peptides for use in diagnostic assays, vaccines, and other treatment modalities. Putative 
MHC-binding peptides for use in the invention methods can be made using any method 
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known in the art, the most convenient being peptide synthesis for fragments of 8 to 15 amino 
acids in length. 

[0069] As used herein to describe the invention assays, the terms "peptide exchange" and 
"exchanged peptide" refer to a competition assay wherein three peptides compete in solution 
for binding to the binding pocket of an MHC monomer or modified MHC monomer. At the 
start of the competition assay, the three peptides are: (1) an unlabelled MHC-binding peptide, 
referred to as a "template peptide," which is specific for and is initially bound in the binding 
pocket of the monomer, (2) an unlabelled, initially unbound test or putative MHC-binding 
peptide of unknown affinity and/or unknown specificity, referred to as a "competitor 
peptide"; and (3) a detectably labeled, initially unbound "tracer peptide" that is specific for 
and has a affinity for the binding pocket that is higher than that of the "template peptide" The 
template peptide is selected to have low or medium affinity for the binding pocket so that it is 
readily is dissociated from the MHC ternary complex and replaced in solution either by a 
competitor peptide or a tracer peptide. Successful competition of the competitor peptide for 
the binding pocket indicates the competitor peptide has higher affinity for the binding pocket 
than either the template peptide or the detectably labeled tracer peptide. Similarly, successful 
competition of the tracer peptide for the binding pocket indicates the tracer peptide has higher 
affinity for the binding pocket than both the template peptide and the detectably labeled tracer 
peptide. Thus, the tracer peptide and template peptide are selected to establish a minimum 
affinity for any competitor peptide that is successful in the invention competition assay since 
a competitor peptide becomes an "exchanged" peptide only if the affinity of the competitor 
peptide is sufficient under the assay conditions to compete successfully for binding to the 
binding pocket A monomer in which the template peptide has been replaced (i.e. exchanged 
by a higher affinity competitor peptide) is referred to for convenience as an "exchanged 
monomer." A monomer in which the template peptide has been replaced (i.e. exchanged) by 
a tracer peptide is referred to herein for convenience as a "tracer monomer." Two peptides 
that bind to an MHC Class I molecule can be exchanged in solution using this procedure as 
readily as on a cell surface without the binding peptide being folded into the binding pocket 
during formation of a ternary complex. The procedures and definitions of low and medium 
affinity used in peptide exchange are described in full in U.S. Patent application Serial No. 
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10/782,664, filed February 18, 2004, the disclosure of which is incorporated herein by 
reference in its entirety. 

[0070] In addition to their respective affinities, concentration of the competitor peptide and 
tracer peptide in the assay solution is also an important consideration in establishing the 
liquid assay conditions. The competitor peptide is provided in molar excess to allow for 
optimum binding opportunity, with about 100-fold molar excess being the preferred amount 
of excess. 

[0071] The MHC monomer used in the invention systems and methods can be any MHC 
monomer or modified MHC monomer, e.g., comprising a class I heavy chain that binds a 
peptide in the range of 8 to 1 1 amino acids, for example 8 to 15 amino acids and beta-2 
microglobulin under renaturing conditions. The MHC monomer heavy chain can be encoded 
by any partial or full-length modified or unmodified MHC gene sequence from any species or 
subtype, or a combination thereof, including without limitation human and murine species, 
and chimera thereof. Preferred MHC encoding gene sequences are those encoding any HLA 
allele genotype and any variation or polymorphism thereof. For example, the MHC 
monomer utilized in the invention systems and methods can comprise any partial or full- 
length HLA heavy chain that binds an HLA-binding peptide and beta-2 microglobulin under 
renaturing conditions, i.e., any subtype or allele of HLA-A, HLA-B, or HLA-C. 

[0072] For example, in one embodiment, the MHC heavy chain in the monomer is modified 
by truncation to include only the oti, ot2 and the <X3 domains of an HLA heavy chain. In still 

' another embodiment, the heavy chain in the MHC monomer can be a chimeric, such as a 
fusion protein, containing these MHC domains and an anchor domain, wherein the MHC 
domain binds to a MHC-binding a peptide, as described herein, while the anchor domain is 
suitable for immobilizing the MHC monomer to a surface. The anchor domain can be a 
polypeptide fused with the HLA domain to form a fusion protein or can be any entity coupled 
to the HLA domain through any suitable means known in the art, e.g., biotinylated MHC 

. monomer. 

[0073] The MHC monomer can be attached to the solid surface by any suitable means known 
in the art For example, the MHC monomer can be immobilized to a surface either directly or 
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indirectly, e.g., via an anchoring or connecting entity. In one embodiment, the solid surface 
of the invention system is coated with a first ligand entity, which binds to or interacts with a 
second ligand connected to or within the MHC monomer, e.g., via covalent or noncovalent 
bond. In another embodiment, the surface is coated with avidin or its derivatives, e.g., 
streptavidin, and the MHC monomer contains biotin or its derivatives as its anchor domain. 
Attachment of the MHC monomer to the solid surface, in one embodiment of the invention, 
is reversible or cleavable. 

[0074] In an alternative procedure by which peptides contained in MHC monomers coated or 
immobilized to a solid surface can be switched, the monomers are denatured, e.g., stripped or 
dissociated in a denaturing condition, and then renatured, e.g., refolded from a denatured 
form under renaturing conditions so as to bind an desired MHC-binding peptide. The solid 
surface used in the invention methods is preferably one belonging to an invention system or 
kit and is prepared as described herein. If the MHC monomers attached to the solid surface at 
the start of the assay procedure are in a reconstituted form, test peptides can be inserted into 
the MHC monomers for the assay by exposure to denaturing conditions as described herein, 
for example by exposure to a pH in the range from about 2 to about 4, or exposure overnight 
to a temperature higher than about 37 °C. After denaturation, unbound MHC-binding 
peptides are washed away. 

[0075] The term "MHC multimer " or "multimeric MHC monomer or modified MHC 
monomer complex" is used herein to refer to a complex containing two or more MHC 
monomers, usually bound together via a multivalent entity. An MHC multimer can comprise 
an MHC dimer, MHC trimer, MHC tetramer, and the like (see, for example, U.S. Pat. 
No. 5,635,363, which is incorporated herein by reference). The MHC monomers in an 
MHC multimer can also be linked directly, for example, through a disulfide bond, or 
indirectly, for example, through a specific binding pair, and also can be associated through a 
specific interaction between secondary or tertiary structures of the monomers, such as a 
leucine zipper, which can be engineered, for example, into a MHC class I molecule 
component of the monomers. MHC tetramers are complexes of four MHC monomers, which 
are associated with a specific peptide antigen and contain a fluorochrome. 
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[0076] The monomers of an MHC tetramer or other MHC multimer can be operatively linked 
together, covalently or non-covalently, and directly through a physical association or 
chemical bond or indirectly through the use of a specific binding pair or by attachment to a 
multivalent entity through the use of a specific binding pair. Alternatively, the monomers of 
an MHC multimer can be operatively linked to a multivalent entity containing multiple 
specific attachment sites for MHC monomers. As used herein, the term "operatively linked" 
or "operatively associated" means that a first molecule and at least a second molecule are 
joined together, covalently or non-covalently, such that each molecule substantially maintains 
its original or natural function. For example, where two or more MHC monomers, each of 
which can specifically bind a peptide antigen, are operatively linked to form an MHC 
multimer, each of the two or more MHC monomers in the MHC multimer maintains its 
ability to specifically bind the peptide antigen. Any means can be used for operatively 
linking the monomers, provided it does not substantially reduce or inhibit the ability of an 
MHC multimer to present an antigenic peptide to a T-cell. Generally, the MHC monomers 
are linked together or to a multimeric moiety through the heavy chain component of the 
monomers. Thus, the monomers can be linked, for example, through an interchain peptide 
bond formed between reactive side groups of the amino acids comprising the heavy chains, 
through interchain disulfide bonds formed between cysteine residues in the heavy chains, or 
through any other type of bond that can generally be formed between the chemical groups 
represented by the amino acid side chains. A convenient means for operatively linking the 
monomers of an MHC multimer to a multivalent entity utilizes specific attachment sites that 
are each part of a binding pair. Where the MHC multimer is formed by attachment of the 
MHC monomers to a multimeric moiety, the monomers and the multivalent entity each 
provide one of the specific attachment sites that make up a binding pair. 

[0077] For example, the heavy chains of the monomers can be biotinylated and four 
monomers can be formed into tetramers by chemical coupling to streptavidin, which naturally 
has 4 biotin-binding sites. 

[0078] The term "antibody" is used broadly herein to include polyclonal and monoclonal 
antibodies, as well as antigen binding fragments of such antibodies, such as a Fab. 
Depending on the particular method of the invention, antibodies having an Fc region can be 
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useful or various specificities can be useful, including an antibody, or antigen-binding 
fragment thereof, that specifically binds a peptide ligand on a cell surface, such as a tumor 
marker. 

[0079] The term "specifically binds 11 or "specific for," when used in reference to an antibody 
means that an interaction of the antibody and a particular epitope has a dissociation constant 
of at least about 1 x 10^, generally at least about 1 x 10~ 7 , usually at least about 1 x 10" 8 , and 
particularly at least about 1 x 10~ 9 or 1 x 10" 10 or less. As such, Fab, F(ab')2> Fd and Fv 
fragments of an antibody that retain specific binding activity for a p2-microglobulin epitope 
are included within the definition of an antibody. The term "specifically binds" or 
"specifically interacts" is used similarly herein to refer to the interaction of members of a 
specific binding pair, as well as to an interaction between |32-microglobulin and an MHC 
class I heavy chain. 

[0080] The term "antibody" as used herein includes naturally occurring antibodies as well as 
non-naturally occurring antibodies, including, for example, single chain antibodies, chimeric 
antibodies, Afunctional antibodies and humanized antibodies, as well as antigen-binding 
fragments thereof. Such non-naturally occurring antibodies can be constructed using solid 
phase peptide synthesis, can be produced recombinantly or can be obtained, for example, by 
screening combinatorial libraries consisting of variable heavy chains and variable light chains 
(see Huse et al., Science 246:12754281, 1989). These and other methods of making, for 
example, chimeric, humanized, CDR-grafted, single chain, and bifunctional antibodies are 
well known to those skilled in the art (Winter and Harris, Immunol Today 14:243-246, 1993; 
Ward et al., Nature 341:544-546, 1989; Harlow and Lane, Antibodies: A laboratoiy manual 
(Cold Spring Harbor Laboratory Press, 1988); Hilyard et al., Protein Engineering: A : 
practical approach (IRL Press 1992); Borrabeck, Antibody Engineering, 2d ed. (Oxford 
University Press 1995)). 

[0081] An antibody having a desired specificity can be obtained using well-known methods. 
For example, an antibody having substantially the same specific binding activity of C21.48A 
can be prepared using methods as described by Liabeuf et al. (supra, 1981) or otherwise 
known in the art (Harlow and Lane, Antibodies: A laboratory manual (Cold Spring Harbor 
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Laboratory Press 1988)). For example, an antibody that specifically binds a specific peptide 
ligand on the surface of a cell can be obtained using the tumor marker Fc receptor or a 
peptide portion thereof as an immunogen and removing antibodies that bind with other 
antigens. A peptide portion of a cell surface marker, one that is suitable for distinguishing a 
particular type of cell associated with a specific disease state, is present, for example, in a 
spatial region of the marker that is exposed on the cell surface when expressed by the cell, 
and can be identified using crystallographic data or well known protein modeling methods 
(see, for example, Shields et al., J. Immunol 160:2297-2307, 1998; Pedersen et al., Eur J. 
Immunol 25:1609, 1995; Evans et al., Proc. Natl Acad. Set, USA 79:1994, 1995; Gaiboczi 
et al., Proc. Natl Acad. Set, USA 89:3429-3433, 1.992; Fremont et al., Science 257:919-, 
1992, each of which is incorporated herein by reference). 

[0082] Monoclonal antibodies also can be obtained using methods that are well known and 
routine in the art (Kohler and Milstein, Nature 256:495, 1975; Coligan et al., supra, 1992, 
sections 2.5.1-2.6.7; Harlow and Lane, supra, 1988). For example, spleen cells from a mouse 
immunized with a tumor marker or peptide tag, or an epitopic fragment thereof, can be fused 
to an appropriate myeloma cell line such as SP/02 myeloma cells to produce hybridoma cells. 
Cloned hybridoma cell lines can be screened using, for example, labeled p2-microglobulin to 
identify clones that secrete monoclonal antibodies having the appropriate specificity, and 
hybridomas expressing antibodies having a desirable specificity and affinity can be isolated 
and utilized as a continuous source of the antibodies. Polyclonal antibodies similarly can be 
isolated, for example, from serum of an immunized animal. Such isolated antibodies can be 
further screened for the inability to specifically bind the cell surface tumor marker an Fc 
receptor or an expressed peptide tag on a cell surface. Such antibodies, in addition to being 
useful for performing a method of the invention, also are useful, for example, for preparing 
standardized kits. 

[0083] Monoclonal antibodies, for example, can be isolated and purified from hybridoma 
cultures by a variety of well-established techniques, including, for example, affinity 
chromatography with Protein-A SEPHAROSE gel, size exclusion chromatography, and ion 
exchange chromatography (Barnes et al., in Meth. Mol Biol 10:79-104 (Humana.Press 
1992); Coligan etal., supra, 1992, see sections 2.7.1-2.7.12 and sections 2.9.1-2.9.3). 
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Methods of in vitro and in vivo multiplication of monoclonal antibodies are well known. For 
example, multiplication in vitro can be carried out in suitable culture media such as 
Dulbecco ! s Modified Eagle Medium or RPMI 1640 medium, optionally replenished by a 
mammalian serum such as fetal calf serum or trace elements and growth sustaining 
supplements such as normal mouse peritoneal exudate cells, spleen cells, bone marrow 
macrophages. Production in vitro provides relatively pure antibody preparations and allows 
scale-up to yield large amounts of the desired antibodies. Large-scale hybridoma cultivation 
can be carried out by homogenous suspension culture in an airlift reactor, in a continuous 
stirrer reactor, or in immobilized or entrapped cell culture. Multiplication in vivo can be 
carried out by injecting cell clones into mammals histocompatible with the parenT-cells, for 
example, syngeneic mice, to cause growth of antibody-producing tumors. Optionally, the 
animals can be primed with a hydrocarbon, for example, oil such as pristane 
(tetramethylpentadecane) prior to injection. After one to three weeks, the desired monoclonal 
antibody is recovered from the body fluid of the animal. 

[0084] Antibodies and antigen binding fragments of antibodies useful in practice of the 
invention methods for determining activation of T-cells. An antigen-binding fragment of an 
antibody can be prepared by proteolytic hydrolysis of a particular antibody such as C21.48A, 
or by expression in E. coli of DNA encoding the fragment. Antibody fragments can be 
obtained by pepsin or papain digestion of whole antibodies by conventional methods. For 
example, antibody fragments can be produced by enzymatic cleavage of 'antibodies with 
pepsin to provide a 5S fragment denoted F(ab ! )2- This fragment can be further cleaved using 
a thiol reducing agent, and optionally a blocking group for the sulfhydryl groups resulting 
from cleavage of disulfide linkages, to produce 3.5S Fab' monovalent fragments. 
Alternatively, an enzymatic cleavage using pepsin produces two monovalent Fab 1 fragments 
and an Fc fragment directly (see, for example, Goldenberg, U.S. Patent No. 4,036,945 and 
U.S. Pat. No. 4,331,647; Nisonhoff eta\., Arch. Biochem. Biophys. 89:230. 1960; Porter, 
Biochem.J. 73:119, 1959; Edelmanet aL f Afafc. Enzymol, 1:422 (Academic Press 1967); 
Coligan et al., supra, 1-992, see sections 2.8.1-2.8.10 and 2.10.1-2.10.4). 



[0085] Methods of cleaving antibodies, such as separation of heavy chains to form 
monovalent light/heavy chain fragments, further cleavage of fragments, or other enzymatic, 
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chemical, or genetic techniques can also be used, provided the fragments specifically bind to 
the antigen that is recognized by the intact antibody. For example, Fv fragments comprise an 
association of variable heavy (Vjj) chains and variable light (Vl) chains, which can be a 
noncovalent association (Inbar et al., Proc. Natl Acad. Set, USA 69:2659, 1972). 
Alternatively, the variable chains can be linked by an intermolecular disulfide bond or cross- 
linked by chemicals such as glutaraldehyde (Sandhu, Crit. Rev. Biotechnol 12:437, 1992). 

[0086] Although not a necessity for in vitro uses, humanized monoclonal antibodies also can 
be used in formation of a bridging complex, a method or kit of the invention if (fcsired. 
Humanized monoclonal antibodies can be produced, for example, by transferring nucleotide 
sequences encoding mouse complementarity determining regions from heavy and light 
variable chains of the mouse immunoglobulin into a human variable domain, and then 
substituting human residues in the framework regions of the murine counterparts. Methods 
for cloning murine immunoglobulin variable domains are known (see, for example, Orlahdi 
et al., Proc. Natl Acad. Set, USA 86:3833, 1989), and for producing humanized monoclonal 
antibodies are well known (see, for example, Jones et al., Nature 321:522, 1986; Riechmann 
et al., Nature 332:323, 1988; Verhoeyen et al., Science 239:1534, 1988; Carter et al., Proc. 
Natl Acad. Sci. t USA 89:4285, 1992; Singer et al., Immunol 150:2844, 1993; Sandhu, 
supra, 1992). 

[0087] Antibodies useful in a method of the invention also can be derived from human 
antibody fragments, which can be isolated, for example, from a combinatorial 
immunoglobulin library (see, for example, Barbas et al., Methods: A Companion to Methods 
in Immunology 2:1 19, 1991; Winter et al., Ann. Rev. Immunol 12:433, 1994). Cloning and 
expression vectors, that are useful for producing a human immunoglobulin phage library are 
commercially available (Stratagene; La Jolla CA). In addition, the antibody can be derived 
from a human monoclonal antibody, which can be obtained from transgenic mice that have 
been "engineered" to produce specific human antibodies in response to antigenic challenge 
(see, for example, by Green et al., Nature Genet. 7:13, 1994; Lonberg et al., Nature 368:856, 
1994; and Taylor et al., Int. Immunol 6:579, 1994; see, also, Abgenbc, Inc.; Fremont CA). 



WO 2005/010026 



PCT/US2004/023898 



27 

[0088] Accordingly, in one embodiment the invention provides methods for determining 
activation of a peptide-specific T-cell by a MHC-binding peptide by 
incubating under suitable conditions peptide-specific T-cells and a solid surface having 
attached thereto a plurality of MHC monomers or modified MHC monomers comprising the 
MHC-binding peptide bound thereto and a first antibody specific for a selected soluble Trcell 
activation factor. The incubation allows contact between the peptide-specific T-cells and the 
MHC-binding peptide and formation of an antibody-soluble factor complex. The antibody- 
soluble factor complexes obtained from the incubation are then contacted with a second 
antibody specific for the selected soluble factor that is tagged with a detectable label so as to 
allow formation of an antibody-soluble activation factor-antibody complex. A signal 
produced by the detectable label is then detected and indicates activation of the peptide- 
specific T-cells by the MHC-binding peptide. Preferably, the first and second antibodies bind 
to different epitopes of the selected soluble T-cell activation factor and are monoclonal 
antibodies. 

[0089] In preparation for the invention assay, an avidin-coated 96-well microliter plates are 
coated first with the desired MHC Class I or II allele monomers containing bound peptides of 
interest Then, the same plates are coated secondarily with a biotinylated antibody 
recognizing a soluble T-cell activation factor to be analyzed and then the plates are washed 
and T-cell sample to be tested is added. The plates are incubated over night, for example for 
12 hours or up to about 24 hours to allow activation of specific T-cells in the sample by the 
peptide in the monomer. The T-cell lines tested for activation can be polyclonal and the 
specificity of the peptide can be known or the T-cells can be of a known specificity and the 
assay can be used to determine whether one or more peptides, for example, out of a group of 
peptides of unknown specificity will activate the T-cells. 

[0090] After cell activation the plates are washed to remove unbound cells and a detectably 
labeled second antibody directed to the same soluble factor (for example, directly conjugated 
to an enzyme or a fluorophore and recognizing a different epitope of the soluble factor) is 
added. The enzymatic activity is revealed using known methods and the signal obtained is 
proportional to the degree of T-cell activation (e.g., the number of activated T-cells) in the 
sample. 
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[0091] The T-cells assayed for activation can be contained in a sample comprising a mixed 
population of T-cells, such PBMCs or whole blood from a patient sample or from a donor. 
The invention method can further comprise enriching the mixture of T-cells for MHC class I 
monomers prior to the incubation, for example by using an anti-CD8 antibody to identify 
CD8 + cells in the mixture or for MHC class II monomers by using an anti CD4 antibody to 
identify CD4 + cells. 

[0092] When a mixed population of T-cells is assayed according to the invention methods, 
and the MHC monomers are designed to contain the same test or putative MHC-binding 
peptide, the magnitude of the signal determined is proportional to the number of peptide- 
activated T-cells contained in the sample. Thus, the assay can be repeated using, different 
known or putative MHC-binding peptides and the results compared to screen peptides to 
determine the relative effectiveness of the peptides for activating a T-cells having a known 
antigen-specificity. For example, a library of peptides can be screened to determine their 
relative antigen-specificity for an antigen to be associated with a particular disease, such as a 
cancer or a viral infection. 

[0093] However, as is known in the art, certain peptides can cause cross-activation of two or 
more populations of T-cells contained in a mixed-population sample. Then the specificity of 
the peptide needs to be confirmed by conducting an additional assay, such as a MHC tetramer 
T-cell "staining" assay as is known in the art and described in U.S. Patent No. 5,635,363, 
which is incorporated herein by reference, to determine that the peptide activates T-cells in an 
antigen-specific manner. 

[0094] On the other hand, when the population of T-cells assayed is homogeneous and a 
known number of cells are employed in the assay, the magnitude of the signal obtained from 
the complete population of T-cells can be used to assay the effectiveness of a particular 
MHC-binding peptide for activating the T-cells. As in other embodiments of the invention 
methods, whether the T-cell activation is also antigen-specific can be determined by 
conducting an additional assay, such as a MHC tetramer T-cell "staining" assay to determine 
that T-cells identified as activated are activated in an antigen-specific manner. 
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[0095] Suitable conditions for allowing T-cell activation to occur according to the invention 
methods can include a temperature in the range from about 18°C to about 37°C, for example 
room temperature, and an incubation period of from about 3 to about 48 hours, for example 
about 8 hours or overnight The suitable conditions can further include the absence of 
sodium azide. 

[0096] A soluble T-cell activation factor, as the term is used herein, is any soluble factor 
produced by an activated T-cell and not by an unactivated T-cell and for which a suitable 
antibody is known or can be produced using the methods known in the art and as described 
herein. For example, the soluble T-cell activation factor can be a cytokine, such as interferon 
gamma or tumor necrosis factor; a chemokines, such as MIP-1 alpha or RANTES; lytic or 
apoptotic factor, such as perforin, granzyme or FasL. For example, interferon gamma and 
TNF alpha antibodies are available from Immunotech (Marseilles, France). Additional 

antibodies are commercially available from vendors such as R&D systems, SEROTEC, 

( 

Diaclone, and the like. If the soluble factor selected for the assay is one associated with a 
disease state, and the T-cells are from an identified donor, the invention assay methods can be 
used to detect or monitor a patient-donor's immune response to the disease state. 



[0097] Schematic representations of the invention soluble T-cell activation factor assay 
appear in Figs. 1 A-C and following: 



Step 1 


Step 2 


Step 3 


Step 4 


Step 5 


Incubation of 
biotinylated- 
monomer in 
avidin coated 
plates. 


Washing, 

incubation 

with 

biotinylated- 
anti-soluble 
factor antibody 


Washing and 
incubation of 
T-cell sample 
overnight 


Washing and 
incubation 
with the 
second labeled 
antibody 


Washing and 
detection 



[0098] In another embodiment, the invention provides methods for determining activation of 
a peptide-specific T-cell by a MHC-binding peptide bound to an MHC monomer or modified 
MHC monomer. In this embodiment of the invention, peptide-specific T-cells and a solid 
surface having attached thereto a plurality of MHC monomers or modified MHC monomers, 
each having bound a putative MHC-binding peptide for which specificity of the T-cells is 



WO 2005/010026 



PCT/US2004/023898 



30 



unknown, and an antibody specific for a selected surface T-cell activation marker are 
incubated r under suitable conditions. The suitable conditions are selected to allow' formation 
of an antibody-surface activation marker complex on the surface of a peptide-specific T-cell 
that is activated by the putative MHC-binding peptide so as to produce the T-cell activation 
marker. Activation of the T-cells by the MHC-binding peptide is indicated by detecting 
formation of the antibody-surface activation marker complex on T-cells obtained from the 
incubation. The antibody is preferably, but not always, a monoclonal antibody. Any method 
of detecting formation of the antibody-surface marker complex known in the art can be used. 
Preferably antibody is tagged with a detectable label and, after washing away unbound 
components from the cell surface, formation of the complex can be determined by detecting 
the presence on the cell surface of the detectably labeled antibody. 

[0099] For example, the detectable label used to tag the antibody that binds specifically to the 
T-cell activation marker can be fluorescent, such as FITC or PE, and the detecting can 
comprise utilizing flow cytometry to indicate the number of T-cells in the sample that are 
tagged with the antibody. Although any T-cell activation marker can be selected for which a 
specific antibody is known, it is presently preferred to utilize CD25 or CD69 as the surface 
activation marker. Other surface activation markers, such as HLA-DR, CD134, 
CD2R,CD26, CD49b, CD54, CTLA-4, and CD100 may also be used as the activation 
marker. Monoclonal antibodies specific for CD25, such as 1HT44H3, BL49.9, 33B3.1 and 
anti-CD69 mAbs TP1.55.3 are available from Lnmunotech (Marseilles) Anti-CD25 Clone 
M-A251 and anti-CD69 Clone FN50 are commercially available from BD Biosciences (San 
Jose, CA). 

[0100] In still another embodiment, the invention provides methods for determining the 
presence in whole blood or a peripheral blood mononucleocyte cell (PBMC)-containing 
sample of T-cells that are specifically activated by an epitope contained in an MHC-binding 
peptide. In this embodiment, the PBMCs are incubated under suitable conditions with MHC 
multimers having a bound MHC binding peptide and a first detectable label, so as to allow 
internalization of the MHC multimers by T-cells in the PBMCs that bind to the multimers. 
T-cells in the PBMCs that emit a signal produced by the first detectable label are detected, 
thereby identifying T-cells that specifically bind to an epitope in the MHC- binding peptide. 
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Then the T-cells that specifically bind the MHC-binding peptide are further incubated with 
peptides in solution or monomers on solid phase before staining with an antibody tagged with 
a second detectable label, wherein the antibody is specific for a T-cell activation marker so as 
to allow formation of an antibody-activation marker complex. T-cells emitting the signals 
produced by both the first and the second detectable labels are identified as being specifically 
activated by an antigen contained in the MHC-binding peptide. 

[0101] Alternatively, if the T-cells identified as emitting a signal from the first label are. 
subjected to separate incubation with the antibody tagged with the second detectable label, T- 
cells emitting a signal produced by the second detectable label can be identified as being 
specifically activated by an antigen contained in the MHC-binding peptide. 

[0102] In yet another embodiment, the invention provides kits useful in practice .of the 
invention methods. The invention kits comprise a solid surface, wherein the surface, has 
attached thereto one or more MHC monomers, modified MHC monomers or multimers 
thereof, wherein the monomers contain a suitable MHC-binding peptide; and an antibody 
specific for a soluble T-cell activation factor or a surface T-cell activation marker. The solid 
surface is preferably a bead or a microtiter plate with monomers or multimers attached to 
wells of the plate. The kit may further contain an instruction for use of the kits in the 
invention methods and a control peptide to which the MHC monomer binds in a reconstituted 
form 

[0103] The invention kits can be used as a cytokine detection kit for larger use, such as 
sample testing for known-epitopes, immune-monitoring, and the like, as described herein. 
Thus, the invention methods and kits can be used to diagnose a disease state or monitor the 
immune response to a disease state in a patient wherein the MHC binding.peptide contains an 
antigen associated with a particular disease state and detection of the signal produced by the 
second detectable label indicates, respectively the donor-patient is producing the antigen 
associated with the particular disease and the donor-patient is producing T-cells that, when 
activated, can destroy cells that produce the antigen, for example as a surface cell marker. 

[0104] The invention methods can be employed for all HLA class I and II molecules and can 
be combined with different monoclonal antibodies specific for detecting various secreted 
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soluble T-cell activation factors, such as the cytokines particular to HLA Class I and II - 
restricted T-cells. This invention can be used to define HLA-restricted epitopes. 

[0105] As the results of the invention methods have been shown herein to be proportional 
either to the number of T-cells tested or to the number of multimers used in the test, measured 
quantitatively, the amount of signal produced by a sample containing a known number of 
cells from the patient and/or a known number of multimers is an indicator of the proportion 
of the patient's T-cells that are antigen restricted, thus also indicating, at least in comparison 
with the proportion found in healthy individuals, the strength of the patient's immune 
response to the disease-associated condition. For monitoring severity of the disease- 
associated condition in the patient or the effects of treatment of the patient, the invention 
assays can be repeated at spaced intervals to monitor the patient's production of antigen- 
specific T-cells. 

[0106] As shown by comparative results in Fig. 7, it has been discovered that the invention 
methods employing the dual antibody technique for quantification of soluble T-cell activation 
factor production by activated T-cells is more sensitive and reliable than conventional ELISA 
methods. 

[0107] For the assay, the solid surface with attached denatured MHC monomers or modified 
MHC monomers can be incubated with a test or putative MHC-binding peptide, for example 
a member of a library of peptides, under reconstituting conditions for a suitable period of 
time to allow for formation of ternary complexes. The reconstituting conditions will include 
the presence of a sufficient amount of beta-2 microglobulin (or beta 2 microglobulin 
modified to increase binding or stabilize ternary complex formation) to saturate the MHC 
monomers. For example, it is contemplated that the beta 2-microglobulin may be modified 
by attachment thereto of a stabilizing molecule, such as a lucine zipper, or the like, to 
stabilize ternary complex formation. Incubation with die putative MHC-binding peptide and 
beta-2 microglobulin will typically be require from about 12 hours or overnight to about 48 
hours to allow for complex formation. The reconstituting conditions may also include a 
temperature in the range from about 18 C to about 37 °C, for example about 4 °C to about 8 
°C. 
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[0108] The solid surface coated with the MHC monomer used in the invention methods and 
kits can be dried and stored for use at a later time. 

[0109] In one embodiment, the antibody used in the invention methods is provided with a 
detectable label, i.e., a label that produces a detectable signal as.is known in the art. Labels 
may be conjugated to the antibody using any of a variety of procedures known in the art. 
Alternatively, the antibody can be produced to include a label, such as a radioactive amino 
acid. Labels suitable for use in the invention kits and methods include, but are not limited to, 
radioisotopes, fluorochromes, enzymes, biotin and electron dense molecules. Currently, 
enzymes for which contact with a substrate results in a color change are preferred for 
measurement of soluble factors. It is preferred that the coloring substrate have its absorption 
maximum wavelength in a visible region, be highly sensitive and readily distinguishable, and 
possess high stability over time. To meet such requirements, coloring substrates such as 
alkaline phosphatase enzyme are presently preferred. Such enzymatic labels can also be 
incorporated into the invention kits. 

[0110] In embodiments of the invention wherein a T-cell surface activation marker is 
detected, a detection antibody specific for the T-cell surface activation marker, preferably a 
monoclonal antibody, can be used. Detection of signal produced by binding of the detection 
antibody to the T-cell surface activation markers (i. e., on T-cells) indicates those T-cells that 
have been activated. The result can be easily be detected and/or quantified after washing 
away unbound antibody and other components of the system by deter m i nin g the signal 
intensity. The detectable label presently preferred for attachment to the antibody is a 
fluorescent label, e.g., FITC, or PE.. The binding of fluorescently labeled antibodies to T- 
cells on the solid surface can readily be detected using a fluorimeter, by fluorescence 
determined flow cytometry; or any of the methods of high throughput fluorescence scanning 
known in the art. 

[0111] The following examples are intended to illustrate but not to limit the invention in any 
manner, shape, or form, either explicitly or implicitly. While they are typical of those that 
might be used, other procedures, methodologies, or techniques known to those skilled in the 
art may alternatively be used. 
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EXAMPLE 1 

Coating and Detection of Biotinylated monomer and biotinylated Anti-TNF alpha 
antibody* 

[0112] In this experiment avidinated 96-well microliter plates were coated with biotinylated 
class I HLA-A*0201 monomers and with anti-TNF alpha antibodies as follows. The 
concentration of the anti-TNF alpha antibody that can be bound by the monomer coated 
avidin plates was first determined. BSA-Biotin-Avidin coated 96-well plates for fluorimetric 
assay were used. For coating, HLA-A*0201 /CMVpp65 N9V monomer was incubated with 
the avidinated wells at '0.5 ug/ml. After coating, the plates were washed and incubated with 
different concentrations of biotinylated-anti-TNF alpha mAb (0, 0.0078, 0.0156, 0.Q3125, 
0.0625, 0.125, 0.25, 0.5 and 1 ug/ml) to additionally coat the plates with the capture antibody. 

[0113] After washing off unbound components, the concentration of the anti-TNF alpha 
antibody that can be bound by the monomer-coated plates was determined by adding 1 ug/ml 
of conjugated goat anti-mouse FITC antibody as the detector antibody. The detector antibody 
was incubated with the coated plates for 2 hours at room temperature under shaking. Plates 
were washed three times, and the bound fluorescence was read out. As a control, plates 
coated only with the anti-TNF alpha antibody, but without monomer, were used. As shown 
in Fig. 2, equivalent signals were found when the biotinylated anti-TNF alpha antibody was 
coated in the plates without monomer compared to the signal obtained in plates coated 
previously with the biotinylated-monomer. 

[0114] To detect proper folding of the monomers on the plates, an anti-HLA-ABC antibody 
that binds to a conformational epitope present in a ternary complex but not present in an 
improperly assembled monomer complexes was incubated with the plates. The results 
showed that binding of the anti-HLA-ABC antibody was not impaired by the presence of the 
cytokine specific antibody co-coated with monomers. This shows that plates can be coated 
with both monomer and mAb in preparation for the assay. 

[0115] As shown in Fig. 2, white open triangles (A) correspond to the data obtained when the 
monomer was diluted and the biotin-anti-TNF alpha antibody remained constant. After 



WO 2005/010026 



PCT/US2004/023898 



35 

incubation with the goat anti-mouse antibody, the fluorescence was measured. The number 
. of biotin binding sites used by the biotinylated antibody remains constant independently of 
the concentration of the monomer, meaning that there is no limitation to binding the needed 
amounts of antibody to the pre-coated plates. 

EXAMPLE 2 

TNF alpha ELISA 

[01161 A second set of experiments was conducted to illustrate that the biotin-anti-TNF alpha 
antibody is able to capture TNF alpha in presence of the monomer at different concentrations, 
and this complex can be detected by a second monoclonal antibody directly conjugated to the 
alkaline phosphatase enzyme. 

[0117] Different solutions of Monomer HLA-A*0201 CMVpp65 N9V at 0.5, 0.25 and 0.125 
ug/ml were prepared and coated to the avidin plates. After washing, the wells were incubated 
with 1 ug/ml of biotin-anti-TNF alpha antibody. The plate was washed and different 
concentrations of recombinant TNF alpha and the second antibody used as tracer were added 
as in Example 1 above. The plate was incubated for two hours, then washed and. the alkaline 
phosphatase substrate was added. After 30 min the reaction was stopped and the absorbance 
was measured. A very good signal was obtained suggesting the absence of steric hindrances 
as shown in Fig. 3 herein. 

EXAMPLE 3 

Detection of TNF alpha and IFN gamma in supernatant after T-cell activation. 
[0118] To determine whether the monomer coated plates are able to activate specifically T 7 
cells and whether it is possible to detect cytokine release in principle, a HLA-A*0201 - 
CMVpp65N9V-restricted polyclonal T-cell line was used. Different numbers of cells were 
incubated in monomer-coated plates and the cytokine release (IFN gamma and TNF alpha) 
after overnight incubation was measured in the supernatant by ELISA (Fig. 4). The data 
show that IFN gamma and TNF alpha can be detected by ELISA when the number of specific 
cells in the well is at least 1000 cells. 
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[0119] It was also observed that T-cells stimulated with the appropriate monomer (HLA- 
A*0201-CMVpp65 N9V) were able to secrete the IFN gamma as well as the TNF alpha in a 
dose response manner (Fig. 5). The level of the cytokine production was a function of the 
number of cells and the concentration of the monomer added into the wells. 

EXAMPLE 4 

Capture assay. 

[0120] This experiment illustrates that cytokines secreted by the same polyclonal cell line 
specific for HLA-A*0201 CMVpp65 N9V as used in Example 3 could be detected by a 
capture assay. Biotinylated monomer and biotm-anti-TNF alpha coated plates were 
incubated overnight with the polyclonal T-cell line and secreted TNF alpha was measured 
after capture by the plate coated ahti-TNF alpha antibodies instead of measuring TNF alpha 
in the supernatant by ELISA. In this experiment, after incubation overnight, the plate was 
washed and incubated immediately with the second tagged monoclonal antibody. Results 
(shown in Fig. 6) demonstrate that the assay works nicely because a clear dose response 
curve was obtained. A high concentration of TNF alpha when compared with the TNF alpha 
measured by ELISA was observed, suggesting that the capture assay is more sensitive than 
the ELISA. In addition a high level of TNF alpha was detected by using the capture assay 
with concentrations of monomer less than 0.007 ^ig/ml, showing that the assay is easily 
feasible at the monomer concentrations usually coated in standard assays. Fig. 7 shows a 
comparison of results obtained from cytokine measurements by ELISA and by the invention 
capture assay. 

EXAMPLE 5 

[0121] This experiment illustrates use of MHC monomers or multimers (including tetramers) 
to discover epitopes recognized by patients' T-cells in response to infectious agents (e.g., 
CMV), cancer (e.g., melanoma) or their components in an overnight assay. For this purpose 
the bioassay was used to detect the activation of peptide-specific T-cells in a heterogeneous 
population. 
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[0122] Since the ultimate utility of this bioassay is to discover epitopes in a peptide pool that 
are capable of stimulating T-cells in patients' samples, in the experiments described below, 
peptide exchange was performed to replace the Mart-1 (low affinity) peptide with a CMV 
peptide, which serves as a model peptide in these experiments. 

[0123] A. To address whether activation of peptide-specific T-cells can be detected in an 
overnight assay, T-cell activation was assessed by measuring CD25 (IL2 receptor) expression 
on T-cells. The assay is conveniently performed with flow cytometry analysis. A T-cell line 
was used in the assay that is enriched for T-cells specific for the peptide NLVPMVATV (also 
called N9V)(SEQ ID NO: 1) (59.9% of its CD8 + T-cells stained with a A2-CMV tetramer 
that was folded with this peptide). 

[0124] For peptide exchange, biotmylated Mart-1 (26-35) monomers were mixed with A2- 
CMV peptides that were 10X or 100X in molar ratio to Mart-1 monomers. After overnight 
incubation at room, temperature (with mild shaking), mixtures, in various dilutions, were 
added to streptavidin-coated (96-plate) wells. These wells were labeled as peptide-exchanged 
wells. Replicate wells were set up so that analysis could be done on Day I and Day 12 (See 
below). As positive ("+") controls, A2-CMV monomers were added to wells in a labeled 
plate, and as negative ("-") controls, A2-Mart 1 monomers were added to wells in a labeled 
plate. Plates were incubated for one hr, washed to remove the unbound material, and T-cells 
were then added to the wells. Plates were incubated overnight in a CO2 incubator at 37°C, 
after which cells were harvested from one set of replica wells to analyze for CD25 expression 
(Day 1 data). The other set of replica wells were left to culture until Day 12, at which time 
the monomers were incorporated into monomers after incubation of the monomers for 12 
days and cells were harvested to analyze for tetramer binding using flow cytometry (Day 12 
data). 
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Table 1 (Day 1 data) 

Percentage of CD25+ cells in CD8+ T-cells 



Wells coated with 


CMV monomer 
control 


Mart-1 monomer 
control 


10X Peptide 
Exchanged 
monomer 


100X Peptide 
Exchanged 
monomer 


60.3 


12.3 


62.0 


58.4 



Table 1 (Day 1 data): 

[0125] In the positive wells (wells coated with A2-CMV monomers), 60.3% of CD8+ T-cells 
expressed the activation marker CD25, showing.60.3% of CD8+ T-cells in this T-cell line 
bound A2-CMV monomers coated in the well. Density plots of these data are shown in Fig.. 
8A. As shown, 24.74% cells were CD8+, 14.91%, thus, 60.3% of CD8+ cells expressed 
CD25 in this culture. 

[0126] In the negative wells (well coated with A2-Mart-1 monomers), 12.3% of CD8 f T-cells 
were activated, showing 12.3% of CD8+ T-cells in this T-cell line bound A2-Mart-1 
monomers coated in the well (Fig. 8B). It should be noted that in the general population, 
there is a high frequency of Mart-1 reactive T-cells in the blood. Therefore, it is reasonable 
to find Mart-1 reactive T-cells in the test T-cell line which was derived from PBMC. 

[0127] Data from wells coated with exchanged monomers (Figs. 8C and 8D) clearly 
demonstrated that the majority of monomers (at least 79% to 80%) in these wells replaced the 
Mart- 1 peptide with the (exchanged) A2-CMV peptide. 

[0128] These data, therefore, clearly demonstrated successful exchange of the peptide in the 
Mart-1 monomer with the CMV peptide. In addition, CMV-peptide reactive T-cells were 
detected by their expression of CD25 activation marker after overnight stimulation. 
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Table 2 (Day 12 data) 
Percentage of A2-CMV tetramerf cells in CD8+ T-cells 



Wells coated with 


CMV monomer 
"+" control 


Mart-1 monomer 
"-" control 


10X Peptide 
Exchanged 
monomer 


100X Peptide 
Exchanged 
monomer 


89.1 


5.0 


93.63 


92.16 



Table 2 (Day 12 data): 

[0129] The puxpose of carrying the T-cells out to day 12 was to confirm, by tetramer 
staining, that the cells activated by monomers to express CD25 (as detected oil Day 1), were 
peptide-specific. (It should be noted that tetramer staining was not possible on Day 1 due to 
TCR down regulation:) 

[0130] Data on Day 12 again clearly demonstrated by results of the tetramer staining assay 
that the majority of monomers in wells coated with exchanged monomers contained the A2- 
CMV peptide instead'of the Mart-1 peptide. Density plots of these data are shown in Figs. 
9A-D. 

[0131] This experiment illustrates detection in PBMC of CMV-monomer specific 
activation of T-cells in peptide-exchanged wells, by measuring CD25 expression and shows 
that T-cells expanded out of peptide-exchanged wells contain more A2-CMV tetramer 1 * cells 
than those expanded from unexchanged wells (containing A2 Mart- 1 monomers). 

[0132] B. The experiment was conducted using the protocol of section A above, except that 
PBMC instead of the known T-cell line was added to the wells. In this specific experiment, 
the PBMCs were enriched for CD8* T-cells using magnetic beads coated with anti-CD4 Ab 
before plating in wells. In addition, the cells were cultured for two days instead pf one day 
before they were assayed for CD25 expression. 
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Table 3 (Day 2 data) 

Percentage of CD25+ cells in CD8+ T-cells 



Wells coated with 


CMV monomer 
"+" control 


Mart-1 monomer 
"-" control 


10X Peptide 
Exchanged 
monomer 


100X Peptide 
Exchanged 
monomer 


1.83 


1.52 


1.99 


1.94 



Table 3 (Day 2 data): 

[0133] These results show that the percentage of activated T-cells from wells coated with 
exchanged monomers was higher than from wells containing unexchanged monomers and 
slightly higher than from wells coated with CMV monomers. However, this experiment 
addresses rare events. Therefore, although 0.47% (1.99 - 1.52) is a small number, the result 
is biologically significant, as supported by data obtained on Day 12 (Table 4). Density plots 
of these data are shown in Figs. 10A-D. 

[0134] The higher percentage of activated T-cells in peptide-exchanged wells as compared to 
wells containing control could result from some Mart-1 monomers remaining in the 
peptide-exchanged wells. In this case, some Mart-1 specific T-cells in PBMC, were also 
activated in addition to CMV-specific T-cells. As mentioned before, in the general 
population, there is a high frequency of Mart-1 specific T-cells in the peripheral blood. 



Table 4 (Day 12) data 
Percentage of tetramer cells in CD8+ T-cells 



Staining with 
Tetramers of 


Wells coated with 


CMV monomer 
. control 


Mart-1 
monomer 
"-" control 


10X Peptide 
Exchanged 
monomer 


100X 
Peptide 
Exchanged 
monomer 


A2-CMV 


11.8 


1.05 


7.24 


8.27 


A2 Mart-1 


0.644 


0.94 


0.67 


1.19 



Table 4 (Day 12 data): 
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[0135] Incubation of T-cells was carried out to day 12 to confirm by tetramer staining that 
the cells that were activated by monomer to express CD25 (detected on Day 2), were peptide- 
specific. The results of the tetramer staining assay clearly shows that in wells coated with 
exchanged monomers the majority of cells that expanded were A2-CMV peptide-specific. 
These data thus demonstrate that peptide exchange was successfully carried out in this 
experiment, and that exchanged monomers were able to expand A2-CMV peptide-specific T- 
cells in culture. Density plots of these data are shown in Figs. 1 1 A-D. 

Flow chart for Discovery of antigenic epitopes 
that stimulate CD8 + or CD4 + T-cells 

[0136] 1. Mix A2-Mart-1 monomers with 10 X molar excess of A2-CMV 
peptides. 

[0137] 2. Incubate overnight at room temperature, with shaking, in dark. 

[0138] 3. Add serial dilutions of this mix to avidin-coated wells in 96-well plates. 

[0139] 4. Also prepare "+" control wells with A2-CMV monomers; 
and "-"control wells with A2-Mart-1 monomers. 

[0140] 5. Add to these wells cell populations (PBMC or cell line) that contain A2-CMV 
tetramer binding T-cells. 

[0141] 6. Incubate overnight 

' [0142] 7. Harvest a portion of cells from each group to assess activation, such as 
CD69, CD25 expression and/or IFNy secretion. 

[0143] 8. Add irradiated EBV-B cells or PBMC to the remaining cells in culture to allow 
proliferation/expansion. These cultures will be harvested later to stain with A2-CMV 
tetxamers and analyzed by flow cytometry. 
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[0144] These results show that the invention methods can be used to discover epitopes for 
cancer and infectious agents, for example, by using a peptide library or cancer cell lysates in 
conjunction with PBMCs from patients having or suspected of having the cancer. 

EXAMPLE 6 

[0145] This experiment illustrates use of MHC tetramer as reagent for both stimulating and 
staining to enumerate (1) total tetramer-positive cells, and (2) functional tetramer : positive 
cells (e.g., cytokine-producing) incubated in the same tube. Human peripheral blood 
mononuclear cells (PBMCs) in medium or whole blood that contain A2-CMV binding, CD8 + 
cells were incubated for 30 min at room temperature with PE-labeled A2-CMV binding 
modified MHC tetramers, to allow for binding of tetramers to the A2-CMV binding,. CD8 + 
cells in the PBMCs or whole blood (WB). Cells were further incubated without peptides at 
37° C for 5 hours before being removed for use in an intracellular antibody staining assay for 
production of gamma-interferon (IFNy) (Fig. 12). 

[0146] FITC-labeled anti-IFNy and PC5-labeled anti-CD8 antibodies were added and 
incubated for 15 minutes at room temperature, to the PBMCs or WB. A Lyse/Fix mixture 
was added and incubated for 10 minutes at room temperature to the PBMCs or WB (red 
blood cells would be lysed in this step). A fixative reagent was added to the PBMCs or lysed 
WB, and incubated for 10 minutes at room temperature. A permeablization reagent was 
added, to the fixed PBMCs or lysed WB and incubated for 5 minutes at room temperature, 
after which anti-IFNy was added and incubated for 30 minutes. The cells were fixed and 
analysed for Tetramer and IFNy. 

[0147] Results of this experiment (Fig. 13) clearly demonstrated: (1) A high percent of 47% 
of A2-CMV positive cells in whole blood experiment and 33% of A2-CMV positive cells in 
PBMC experiment were found to produce IFNy; (2) CD8* cells exhibited a "cluster" pattern 
of staining, even though they were activated, as evidenced by detected production of INFy. 
From these results it was concluded that (1) Engagement of T-cell receptors (ICR) with , 
tetramers followed by peptides overcomes the threshold needed for T-cell activation; (2) 
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activation of T-cells results in internalisation of TCR, including the bound tetramers; (3) 
internalised tetramers allow the detection of tetramer* cells by flow cytometry. 

[0148] The high percent of IFNy-secreting cells detected in the tetramer" population shows a 
very efficient stimulation of T-cells by tetramers. The use of tetramers both as the staining 
and the stimulating reagent in some cases negates the need of using peptides in the functional 
assessment of tetramer 4 * cells. As tetramers (and other MHC multimers) contain the MHC 
elements as well as the peptides, use of tetramers as both the staining and the stimulating 
reagent in the same vessel (i.e., tube) makes a sensitive, reproducible assay for the 
measurement of functional immunity. (Figs. 12 and 13). 

[0149] Although the invention has been described with reference to the presently preferred 
embodiments, it should be.understood that various modifications can be made without 
departing from the spirit of the invention. Accordingly, the invention is limited only by the 
following claims. 
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WHAT IS CLAIMED IS: 

1 . A method for determining activation of a peptide-specific T-cell by a MHC-binding 
peptide, said method comprising: 

a) incubating under suitable conditions peptide-specific T-cells and a solid 
surface haying attached thereto: 

1) a plurality of MHC monomers or modified MHC monomers having a 
bound MHC-binding peptide; and 

2) a first antibody specific for a selected soluble T-cell activation 
factor so as to allow formation of an antibody-soluble factor complex upon 
contact between the T-cells and the MHC-binding peptide; and 

b) contacting the antibody-soluble factor complex obtained from a) with a second 
antibody specific for the selected soluble factor that is tagged with a detectable label so as to 
allow formation of an antibody-soluble activation factor-antibody complex; and 

c) detecting a signal produced by the detectable label, wherein the detecting ■ 
indicates activation of the peptide-specific T-cells by the MHC-binding peptide. 

2. The method of claim 1 , wherein the first and second antibodies bind to different 
epitopes of the selected soluble T-cell activation factor. 

3 . The method of claim 1 , wherein the soluble factor is a cytokine. 

4. The method of claim 3, wherein the cytokine is interferon gamma or tumor necrosis 
factor. 

5. The method of claim 1 , wherein the soluble factor is a chemokine. 

6. The method of claim 5, wherein the chemokine is MIP- 1 alpha or RANTES. 

7. The method of claim 1 , wherein the soluble factor is an apoptotic factor or a lytic 
molecule. 
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8. The method of claim 7, wherein the apoptotic factor is perforin or a granzyme. 

9. The method of claim 1 , wherein the monomers are HLA Class I. 

10. The method of claim 9, wherein the peptide-specific T-cell is contained in a patient 
sample and the method further comprises enriching the sample for the HLA Class I 
monomers prior to the incubation. 

1 1 . The method of claim 9, wherein the monomers are HLA subclass A, B or C. 

12. The method of claim 1 , wherein the first and second antibodies are monoclonal 
antibodies. 

13 . . The method of claim 1 , wherein the detectable label is an enzyme, the method further 
comprises reacting a substrate with the enzyme, and the signal is a reaction product of the 
enzyme and the substrate. 

14. The method of claim 13, wherein the solid surface is the wells of a microliter plate or 
beads and the determining includes reading the change in color with a photometer. 

1 5 . The method of claim 1 , wherein the first and second antibodies are monoclonal 
antibodies. 

16. The method of claim 1 , wherein the detectable label is fluorescent. 

17. The method of claim 1 6, wherein the detecting further comprises detecting the 
fluorescence using high tooughput scanning and/or flow cytometry techniques. 

1 8. The method of claim 1 , wherein the solid surface is coated with avidin, or derivatives 
streptavidin and streptactin, and the monomers are biotinylated to attach to the solid surface. 
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1 9. The method of claim 1, wherein attachment of the monomers to the solid surface is 
reversible or cleavable. 

20. The method of claim 1, wherein the MHC monomer is contained in a MHC multimer. 

21 . The method of claim 1 , wherein magnitude of the signal is determined and is 
proportional to the number of the T-cells activated 

22. The method of claim 1, wherein the peptide-specific T-cells are contained in a sample 
comprising a heterogeneous mixture of T-cells and wherein magnitude of the signal is 
determined, thereby determining a proportion of the peptide-specific T-cells contained in the 
sample. . • 

23. A method for determining activation of a peptide-specific T-cell by a MHC-binding 
peptide, said method comprising: 

a) incubating under suitable conditions peptide-specific T-cells and a solid 
surface having attached thereto: 

1) a plurality of MHC monomers or modified MHC monomers having a 
■ bound MHC-binding peptide for which the T-cells are specific; and 

2) an antibody specific for a selected surface activation marker 
expressed by the T-cells when activated; 

so as to allow formation of an antibody-surface activation marker complex on the surface of 
at least one of the T-cells; and 

b) determining formation of the antibody-surface activation marker complex on 
T-cells obtained from a), wherein the determining indicates activation of the peptide-specific 

• T-cells by the MHC-binding peptide. 

24. The method of claim 23, wherein the antibody is a monoclonal antibody. 

25. The method of claim 23, wherein the antibody is tagged with a detectable label and 
the determining comprises detecting signal produced by the detectable label. 
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26. The method of claim 24, wherein the label is fluorescent. 

27. The method of claim 26, wherein the detecting comprises utilizing flow cytometry 
technology. 

28. The method of claim 23, wherein the antibody is a monoclonal antibody. 

29. The method of claim 28, wherein the surface activation marker is selected from CD25 
orCD69. 

30. The method of claim 1 , wherein the monomers are HLA Class L 

3 1 . The method of claim 23, wherein the peptide-specific T-cell is contained in a patient 
sample and the method further comprises enriching the sample for the HLA Class I restricted 
T-cells prior to the incubation. 

32. . The method of claim 23, wherein the monomers are HLA subclass A, B or C. 

33. The method of claim 23, wherein the detectable label is a fluorophore, and the method 
further comprises detecting fluorescence with flow cytometry. 34. The method of claim 23, 
wherein the detectable label is an enzyme, and the method further comprises reacting a 
substrate with the enzyme and the signal is a change in color thereby produced. 

34. The method of claim 23, wherein the solid surface is the wells of a microliter plate or 
beads. 

35. The method of claim 23, wherein the solid surface is coated with avidin and the 
monomers are biotinylated to attach to the solid surface. 
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36. The method of claim 23, wherein attachment of the monomers to the solid surface is 
reversible or cleavable. 

37. The method of claim 23, wherein the MHC monomer is contained in an MHC 
multimer. 

38. The method of claim 23, wherein magnitude of the signal is determined and is 
proportional to the number of T-cells activated in a sample. 

39. The method of claim 23, wherein the peptide-specific T-cells are contained in a 
sample containing an heterogeneous mixture of T-cells and wherein magnitude of the signal 
is determined and is proportional to the number of the peptide-specific T-cells. contained in 
the sample. 

40. The method of claim 23, wherein the suitable conditions include a temperature about 
room temperature.. 

41 . The method of claim 23, wherein the incubating is for a period of from about 8 hours 
to about 24 hours. 

42. A method for determining the presence in a peripheral blood mononuclear cell 
(PBMC) -containing sample of T-cells that are specifically activated by an epitope contained 
in an MHC-binding peptide, said method comprising: 

a) incubating under suitable conditions PBMCs with MHC multimers having a 
bound MHC binding peptide and a first detectable label, so as to allow internalization of the 
MHC multimers by T-cells in the PBMCs that are specific for an antigen contained in the 
peptide; 

b) detecting T-cells obtained from a) that emit a signal produced by the first 
detectable label, thereby identifying T-cells that specifically bind the MHC- binding peptide; 

c) incubating the T-cells obtained from b) that specifically bind the MHC- 
binding peptide with peptides in solution or monomers bound to solid surface before 
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incubating with an antibody specific for a surface T-cell activation marker, so as to allow 
formation of an antibody-activation marker complex wherein the antibody is tagged with a 
second detectable label; and 

d) detecting a signal produced by the second detectable label, wherein the 
detecting of the signal produced by the second detectable label indicates the presence of T- 
cells that have been specifically activated by an antigen contained in the MHC-binding 
peptide. 

43. . The method of claim 42, wherein the PBMCs are provided by a particular donor. 

44. The method of claim 43, wherein the MHC binding peptide contains an antigen 
associated with a particular disease state and detection of the signal produced by the second 
detectable label indicates the donor is producing the antigen associated with the particular 
disease. 

45. The method of claim 44, wherein the method is repeated at spaced intervals to 
monitor production of the antigen by the donor. 

46. The method of claim 42, wherein the incubations are performed in the same vessel. 

47. The method of claim 42, wherein the first and second detectable labels are 
fluorescent. 

48. The method of claim 42, wherein the detecting further comprises detecting the 
fluorescence using high throughput scanning. 

49. The method of claim 42, wherein magnitude of the signal produced by the second 
detectable label is determined and is proportional to the number of the specifically activated 
T-cells. 
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50. A method for identifying an MHC-binding peptide that contains an antigen that 
specifically activates a known antigen-specific T-cell, said method comprising: 

a) incubating under suitable conditions the antigen-specific T-cells with MHC 
multimers, each having a bound test MHC-binding peptide and a first detectable label, so as 
to allow internalization of the MHC multimers by T-cells that are specific for an antigen 
contained in the test peptide; 

b) detecting T-cells obtained from a) that emit a signal produced by the first 
detectable label, thereby identifying T-cells that specifically bind to the test MHC-binding 
peptide; 

c) incubating the T-cells obtained from b) with peptides in solution or monomers 
bound to solid surface before staining with an antibody specific for a surface T-cell activation 
marker, so as to allow formation of an antibody-activation marker complex; wherein the 
antibody is tagged with a second detectable label; and 

d) detecting a signal produced by the second detectable label, 

wherein the detecting of the signal produced by the second detectable label indicates the 
presence of a T-cell that has been specifically activated by an antigen contained in the MHC- 
binding peptide. 

51. The method of claim 50, wherein the test MHC-binding peptide is a member of a 
library of peptides prepared from a protein associated with a particular disease state. 

52. The method of claim 5 1 , wherein the method is repeated to test multiple members of 
the library of peptides. 

53. The method of claim 50 wherein the incubations are performed in the same vessel. 

54. The method of claim 50, wherein the T-cells are CD8 + or CD4 + cells. 

55. The method of claim 54, wherein the first and second detectable labels are 
fluorescent • 
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56. The method of claim 55, wherein the detecting further comprises detecting the 
fluorescence using high throughput scanning. 

57 . The method of claim 50, wherein magnitude of the signal produced by the second 
detectable label is determined and is proportional to the number of the specifically activated 
T-cells. 

58: The method of claim 57, wherein the proportion indicates a degree of functional 
immunity the donor of the sample has to a disease state associated with the peptide. 

59. The method of claim 50, further comprising preparing the MHC monomer or 
modified MHC monomer incorporated into the MHC multimer by a process of solution based 
peptide exchange. 

60. A kit comprising: 

a solid surface, wherein the surface has attached thereto: 

a) one or more MHC monomers, modified MHC monomers or multimers thereof 
wherein the monomers contain a suitable MHC-binding peptide; and 

b) an antibody specific for a soluble T-cell activation factor or a surface T-cell 
activation marker. 

6 1 . The kit of claim 60, wherein the solid surface is a bead. 

62. The kit of claim 60, wherein the solid surface is in a microtiter plate. 

63. The kit of claim 60 further comprising an instruction. 

64. The kit of claim 60 further comprising a control peptide to which the MHC monomer 
binds in a reconstituted form. 
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65. The kit of claim 60, wherein the antibody is specific for a soluble T-cell activation 
factor and the kit further contains an addition antibody specific for the soluble T-cell 
activation factor. 
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FIG. 1C 
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FIG. 4 
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FIG. 6 
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FIG.7 

Production of TNF alpha by the cells (10 000 cellsfml) 
stimulated by the A2/CMV monomer 
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Quantification of TNF produced after monomer-T cell activation. Quantification with two 
methods were compared. 
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FIG. 8A 
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Mart-1 monomer wells 
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FIG. 8C 

10X peptide-exchanged wells 
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FIG. 8D 

100X peptide-exchanged wells 
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FIG.9B 

Mart-1 monomer wells 
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FIG.9C 

10X peptide-exchanged wells 
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FIG. 10A 

CMV monomer wells 




10" io" ur 

FL1-H 

CD8 FITC 



UR:0771% 



LR:38.05% 



FIG. 10B 

Mart-1 monomer wells 
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10X peptide-exchanged wells 
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100X peptide-exchanged wells 
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FIG. 11A 

CMV monomer wells 
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FIG. 11C 
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FIG. 12 
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FIG, 13A 

(A) Whole blood sample of Donor #1 
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FIG. 13B 

(B) PBMC sample of Donor #2 
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